Introduction
============

Cancer has long been treated with a variety of cytotoxic drugs in an attempt to destroy the malignant cells without causing significant harm to the host cells.[@R1] Most existing chemotherapy drugs enter cells non-specifically through lipophilic interaction with the cell membrane.[@R2] Many of these drugs preferentially kill cell types with higher proliferation or metabolic rates, a class that includes most tumor cells but also many healthy cells such as those in the digestive system epithelium. In an attempt to increase the therapeutic index of these cytotoxic drugs, the drugs were attached to targeting groups that preferentially delivered the payload to tumor tissue. Monoclonal antibodies against cell surface antigens have been among the most popular targeting moieties. The attached antibody can significantly decrease non-specific uptake of the drug and increase specific uptake of the conjugate by tumor cells.[@R3] Assuming the antigen shows a significantly elevated expression on the target cells vs. healthy cells, the therapeutic index of the drug should increase. Early attempts to construct antibody drug conjugates (ADCs) utilized doxorubicin as the cytotoxic drug, but those conjugates showed insufficient potency (IC~50~ = 100 nM) and were ineffective anti-cancer agents.[@R4] In response to these results, new conjugates with more potent drugs such as calicheamicin[@R5] or maytansine[@R6] proved to have significantly higher potencies (IC~50~ = 0.01--0.04 nM, for maytansine conjugate), yet were still well-tolerated in mouse models. These conjugates showed promising results when used to treat mouse xenograft tumors, as complete regressions of the tumors were observed at non-toxic doses. This success prompted the development of a variety of drugs from the maytansine and dolastatin families[@R7]^,^[@R8] along with both cleavable and non-cleavable linkers.[@R9] The method for chemical attachment of drug to antibody, however, remained relatively unchanged. More recently, substantial efforts have gone toward investigation of new techniques that result in a more homogeneous mixture with greater control over the site of drug attachment, which could potentially result in an improved therapeutic index of the conjugates. This review will focus on these new techniques for site-specific drug attachment, as there are numerous other reviews that have already explained the important factors for selection of antibody, drug, and linker.[@R10]^-^[@R19]

Current ADC Conjugation Methods
===============================

There are many techniques for chemical modification of proteins,[@R20]^-^[@R22] but two in particular are notable because they were used to construct the two ADCs with current FDA marketing approvals. Brentuximab vedotin, developed by Seattle Genetics, Inc., consists of an anti-CD30 monoclonal antibody conjugated to the highly cytotoxic drug monomethylauristatin E (MMAE) via modification of native cysteine side chain thiols.[@R23]^,^[@R24] This method involves reduction of the solvent-exposed disulfides with dithiothreitol (DTT) or tris(2-carboxyethyl)phosphine (TCEP) followed by modification of the resulting thiols with maleimide-containing drugs ([Fig. 1A](#F1){ref-type="fig"}). For brentuximab vedotin, the thiols were modified with MC-VC-PAB-MMAE, which incorporates a cathepsin B protease cleavage site[@R25] (VC: valine, citrulline) and a self-immolative linker (PAB: *para*-aminobenzyloxycarbonyl) between the maleimide group (MC: maleimidocaproyl) and the cytotoxic drug (MMAE).[@R26] The cysteine attachment strategy resulted in two drugs per reduced disulfide; most human IgG molecules have four solvent-exposed disulfide bonds, and so a range of zero to eight drugs per antibody was possible. The exact number of drugs per antibody was determined by the extent of disulfide reduction. Full reduction of all four disulfide bonds gave a homogeneous construct with eight drugs per antibody while a partial reduction resulted in a heterogeneous mixture with zero, two, four, six, or eight drugs per antibody. Though the mixture is heterogeneous, there are still only eight potential sites for conjugation, which gives some measure of site control compared with the lysine modification strategy described below. Although these disulfide bonds aid in the stability of the antibody, there have been many examples of antibodies that bind their antigen with similar affinity after reduction.[@R26]^,^[@R27] Overall, this method has proven to be reliable and robust for many different antibody substrates. In addition to brentuximab vedotin, several other conjugates in clinical trials have also utilized this method.[@R28]^-^[@R31]

![**Figure 1.** Schemes for non-specific (**A and B**) and site-specific (**C, D, and E**) drug conjugation to an antibody molecule. (**A**) After reduction of the interchain disulfide bonds with TCEP or DTT, MC-VC-PAB-MMAE (maleimidocaproyl-valinecitrulline-*p*-amino-benzyloxycarbonyl-monomethylauristatin E) was attached to the resulting cysteine side chain thiols using the maleimide functional group. The resulting conjugate was a heterogeneous mixture of antibodies with different numbers of drugs attached to the eight cysteine residues involved in interchain disulfide bonds. (**B**) DM1 (mertansine) was connected to the antibody with a maleimidocyclohexanecarboxylate bifunctional linker (SMCC) through the antibody lysine side chain amines. The resulting conjugate was a heterogeneous mixture with zero to eight drugs per antibody attached to as many as 40 different lysine residues.[@R34] (**C**) Site directed mutagenesis was utilized to install one additional cysteine residue in each heavy chain. Upon antibody expression this cysteine was found in a disulfide bond with glutathione. Reduction of all solvent exposed disulfide bonds followed by re-oxidation of the native disulfide bonds with CuSO~4~ resulted in a single thiol on each heavy chain which could be modified with a maleimide-containing drug such as MC-VC-PAB-MMAE. This gave a homogeneous product with precisely two drugs attached at the sites of the mutant cysteines. (**D**) AcLys-VC-PAB-MMAD (acetyllysine-valinecitrulline-*p*-aminobenzyloxycarbonyl-monomethyldolastatin 10) was attached using the enzyme microbial transglutaminase to catalyze the site-specific reaction between the drug lysine and engineered glutamine side chains in the antibody. This method produced a homogeneous conjugate with two drugs per antibody, attached to the engineered glutamines. (**E**) The unnatural amino acid *p*-acetylphenylalanine was genetically incorporated into an antibody using an amber stop codon suppressor tRNA/aaRS pair. The resulting antibody contained one *p*-acetylphenylalanine in each heavy chain at the location of the genetically encoded amber stop codon. Site-specific modification of *p*-acetylphenylalanine with AF-oxyamine (auristatin F-oxyamine) resulted in a homogeneous conjugate with precisely two drugs per antibody. (**F**) Chemical structures and abbreviations of drugs drawn with relevant antibody amino acid side chain attached.](mabs-6-46-g1){#F1}

The other ADC with current FDA approval is ado-trastuzumab emtansine (Genentech, Inc.), which was constructed by coupling an anti-HER2 monoclonal antibody to the cytotoxic drug maytansine through modification of lysine side chain amines.[@R32] This version of maytansine (DM1) was modified to include a thiol that could be attached to a maleimide linker. A bifunctional linker (SMCC) with a maleimide at one end and an N-hydroxysuccinimidyl ester (NHS ester) at the other was reacted with lysine primary amine side chains to form a stable amide bond. The modified maytansine (DM1) was then attached to the antibody through conjugation to the maleimide end of the bifunctional linker ([Fig. 1B](#F1){ref-type="fig"}). In contrast to the linker utilized in brentuximab vedotin, this linker had no protease cleavage site and thus required lysosomal degradation of the antibody to liberate the active DM1-linker-lysine metabolite. The attachment method resulted in a heterogeneous mixture of conjugates with an average of 3.0--3.6 drugs per antibody, but a range of zero to approximately six.[@R33] Compared with the cysteine method described above, this strategy gave a more heterogeneous mixture because 20[@R33] to 40[@R34] different lysine residues were found to be modified, while only 8 different cysteine residues are modified using the native cysteine modification method. Nonetheless, this method has proven effective as evidenced by the success of ado-trastuzumab emtansine and the numerous other conjugates in advanced trials that use this technology.[@R35]^-^[@R37]

Limitations of Current Conjugation Methods
==========================================

Though the previously described methods have led to FDA-approved ADCs, and they are being used for most of the conjugates in clinical trials, there is still substantial room for improvement in the areas of therapeutic index, toxicity, and pharmacokinetics. While the exact mechanisms of ADC clearance and toxicity are still not fully understood, it has become clear from empirical evidence that the number of drugs per antibody can have a large effect on the important in vivo parameters of the conjugate. Hamblett et al. constructed ADCs using the cysteine modification strategy, and then used non-denaturing hydrophobic interaction chromatography to isolate conjugates with exactly four drugs per antibody from the heterogeneous mixture. While this method allowed comparison of different drug loading levels, it was not scalable. When equal concentrations of antibody were tested in cell toxicity assays, ADCs with eight drugs per antibody showed a lower IC~50~ than those with four drugs per antibody.[@R38] This trend did not translate to in vivo mouse xenograft experiments, however, as, at equivalent antibody doses, the conjugate with four drugs per antibody was equally potent as the conjugate with eight drugs per antibody. Further, on a per drug basis, the antibody with four drugs was twice as potent as the eight drugs per antibody conjugate. The differences observed between in vitro and in vivo potency was due to an increased rate of clearance for the more heavily modified conjugates ([Table 1](#T1){ref-type="table"}). These experiments led to the conclusion that the optimal loading was two to four drugs per antibody to maximize potency while avoiding rapid clearance from circulation. While the cysteine and lysine attachment methods can be adjusted to give an average drug loading of two to four per antibody, the resulting mixture will still be heterogeneous and contain species with both less and more drug loading than desired. It is sub-optimal to have a non-potent portion of antibody (no drug loading) and a portion that has the potential to be rapidly cleared and could contribute to toxicity (high loading).[@R34]^,^[@R38] Therefore, a conjugation strategy that results in a homogeneous mixture with two or four drugs per antibody would be ideal for maximizing the therapeutic index.

###### **Table 1.** Relevant pharmacokinetic comparisons between antibody drug conjugates with different drug loading or site of drug attachment

  ------------------------------------------------------------------------------------------------------------------
  Conjugation Method   ADC Description                Clearance (mL/day/kg)   AUC\             Model System   Ref.
                                                                              (µg hr/mL)                      
  -------------------- ------------------------------ ----------------------- ---------------- -------------- ------
  Native Cysteine      anti-CD30 MMAE 4 drugs/Ab      6.0 ± 0.6               1,689 ± 187      Mouse          38

  Native Cysteine      anti-CD30 MMAE 8 drugs/Ab      19.2 ± 0.8              520 ± 21         Mouse           

  Native Cysteine      anti-Muc16 MMAE                16.1 ± 3.5              N/A              Rat            34

  THIOMAB              anti-Muc16 MMAE                9.5 ± 2.9               N/A              Rat             

  Transglutaminase     anti-M1S1 MMAD (Light chain)   N/A                     30,610 ± 1,257   Rat            45

  Transglutaminase     anti-M1S1 MMAD (Heavy chain)   N/A                     9,422 ± 949      Rat             

  Unnatural AA         anti-Her2 AF                   7.4 ± 0.7               3,213 ± 304      Rat            54

  Unnatural AA         anti-Her2 naked Ab             7 ± 2.6                 3,632 ± 1,052    Rat             
  ------------------------------------------------------------------------------------------------------------------

From Hamblett et al., the four drugs/antibody conjugate showed a significantly slower rate of clearance than the eight drugs/antibody conjugate.[@R38] Junutula et al. demonstrated that the homogeneous THIOMAB drug conjugate with two drugs/antibody showed a slightly decreased rate of clearance compared with the corresponding ADC with an average of three drugs/antibody.[@R34] A new site selective method of drug attachment using transglutaminase described by Strop et al. was utilized to attach MMAD to the C-terminal region of either the heavy or light chain.[@R45] The two conjugates showed marked pharmacokinetic differences in rats, as the heavy chain mutant showed faster clearance and thus a lower area under the curve (AUC). These experiments demonstrated the impact of site of attachment on pharmacokinetic properties. Finally, an anti-Her2 auristatin F site-specific conjugate was synthesized using unnatural amino acid incorporation by Axup et al., and this conjugate showed similar pharmacokinetics to the naked antibody, thus demonstrating the feasibility of the unnatural amino acid method for constructing antibody drug conjugates.[@R54] Note that clearance and AUC data are only relevant when compared with the injected dose, so these values can only be compared within the same reference as the injected doses are identical. Comparisons between different methods are not valid given the available data.

In addition to the issues with heterogeneous mixtures, there have been reports that the maleimide-thiol bond may have stability issues in circulation. Alley et al. were the first to show that drug transfer from antibody to cysteine-34 of albumin occurred slowly in serum.[@R39] They postulated that the maleimide was released via retro-Michael reaction and the high concentration of thiol-containing albumin scavenged the free maleimide drug. Transfer to the albumin was blocked by either adding an excess of thiol to the serum or alkylating albumin cysteine-34. The conjugate was stable in buffered aqueous solution as long as there were no thiols present to scavenge the maleimide drug before it could re-attach to the antibody. The rate of this reaction in serum is slow, with a similar half-life to that of the IgG in circulation, and resulted in an approximately 25% drop in the exposure of drug to the tumor according to area under curve calculations. These experiments were performed using ADCs with the drug attached to the interchain disulfide cysteines, and do not necessarily represent the rate of maleimide exchange for thiols incorporated at different positions. Alley et al. showed that replacing the maleimidocaproyl group with bromoacetylcaproyl decreased the rate of drug release, but there is always a need for new conjugation chemistry that results in high stability linkages.

Site Specific Methods for Drug Attachment
=========================================

To solve some of the issues described above, several research groups developed methods to site-specifically attach drugs at precise locations on the antibody. This strategy imparts advantages such as well-defined, homogeneous conjugates and, in some cases, new chemistry for attachment. With a tunable, homogeneous system, the pharmacokinetics of the conjugate can be optimized by changing the site of attachment of the drug, the linker chemistry, and the overall number of drugs. These factors are difficult to change with the standard attachment strategies and the resulting heterogeneous mixtures would require significant separation efforts to analyze each component.

THIOMAB drug conjugates
-----------------------

The first site-specific approach was developed by Junutula et al. at Genentech by introducing extra cysteine residues using site-directed mutagenesis.[@R34] This common practice in protein modification[@R40] was more complicated in an antibody because of the numerous native disulfide bonds already present. Introducing the extra cysteine residue in an unsuitable position could result in improper formation of the native disulfide bonds and therefore improper folding of the antibody. A further complication arose when the cysteine mutants were expressed, as the mutant residues were found as disulfides with cellular thiols such as glutathione or cysteine. In addition, a small portion of the antibodies were found to have three light chains due to a disulfide bond between engineered cysteine residues in the light chain, but this issue was resolved through purification and adjustment of cell culture methods.[@R41] Drug attachment to the mutant residues required reduction first, but there was no way to selectively reduce only the mutant cysteine disulfides without also reducing the native disulfide bonds. This problem was solved by reducing both the interchain and mutant disulfides, purifying the antibody away from the small molecule thiols, then reoxidizing the native cysteines using a gentle oxidant such as CuSO~4~ or dehydro-ascorbic acid. The resulting antibody had all of its native disulfide bonds intact, and a single reduced thiol in each heavy or light chain depending on the position of the mutation ([Fig. 1C](#F1){ref-type="fig"}).

In addition to the mixed disulfide issue, some of the mutants were rendered unreactive by formation of a disulfide between the two mutant thiol side chains (light chain V110C). Other mutants (heavy chain A114C) showed excellent reactivity toward maleimide reagents, thus giving a mostly homogeneous conjugate with additions only at the mutated residues. MC-VC-PAB-MMAE was then attached to an anti-MUC16 antibody (heavy chain A114C -- now referred to as a THIOMAB) to form a THIOMAB drug conjugate (TDC). This particular conjugate was studied with 1.6 drugs per antibody but later preparations achieved approximately 2.0 drugs per antibody. In comparison to the corresponding ADC constructed through the standard cysteine reduction strategy, the TDC showed slightly decreased efficacy in vitro and this difference was attributed to the 2-fold lower drug loading (1.6 for TDC, 3.1 for ADC). However, similar to the four vs. eight drugs per antibody case described by Hamblett et al.,[@R38] the TDC was equally or more potent than the ADC in vivo when equivalent antibody doses were injected. Additionally, the TDC showed much lower toxicity at equivalent doses compared with the ADC. In rats, the ADC at 16.6 mg/kg (1,500 µg/m^2^ MMAE) showed depletion of circulating neutrophils five days after injection with a compensatory rebound by day 12, while the TDC at 36.4 mg/kg (1,500 µg/m^2^ MMAE) showed no difference from the vehicle injection. Similar results were also observed in cynomolgus monkeys. In summary, the TDC was equally potent to the ADC in vivo when the injections were equivalent by antibody concentration, and the TDC showed fewer adverse effects when the injections were equivalent by total drug concentration. The serum clearance rate of the TDC was also slower than the ADC ([Table 1](#T1){ref-type="table"}), and a higher percentage of the TDC retained at least one drug. That the TDC both stayed in circulation longer and had fewer adverse effects strongly suggested that the source of much of the toxicity comes from the portion of drug conjugate that is degraded or removed from circulation. In addition to the MUC16 TDC, a TDC version of ado-trastuzumab emtansine showed similar efficacy to the corresponding ADC, but with fewer adverse effects, and thus it has a 2-fold higher therapeutic index.[@R42] The promising results of these studies demonstrate the importance of developing new methods to precisely control the drug loading of ADCs.

After showing the benefits of the controlled drug loading, the researchers examined how changing the site of drug attachment could alter the properties of the conjugates. To further investigate the role of the site of attachment on the properties of a TDC, Shen et al. made several TDC preparations with the mutant cysteine in different locations.[@R43] The three constructs compared were light chain V205C, heavy chain A114C, and Fc-S396C. Drug attachment to each resulted in conjugates with two drugs per antibody. All showed similar in vitro potency, but dramatic differences when tested in vivo. The light chain mutant showed slightly better anti-tumor efficacy than the heavy chain mutant, while the Fc mutant was significantly less potent than the other two.

In experiments meant to explain these results, the three TDC samples were incubated in serum at 37°C and the ratio of two-drug TDC to total antibody was determined by liquid chromatography-mass spectrometry (LC-MS). An increased rate of drug loss from the antibody correlated well with diminished efficacy of the conjugates. The less potent Fc mutant had little remaining two-drug TDC after only 24 h, while the other conjugates showed a much more gradual loss of drug. Other mutations in the Fc region did not have the same potency-reducing effect, so the effect was site-specific and not antibody region-specific. After cleavage from the antibody, the drug was found covalently attached to albumin, in agreement with observations by Alley et al.[@R39] Upon further examination of the LC-MS data, it was observed that the light chain V205C mutant showed mass shifts of +17 Da and +33 Da upon incubation in serum. These mass shifts corresponded to hydrolysis of one or both maleimide rings, which prevented the retro-Michael reaction that separates the drug from the antibody. It was then postulated that the high concentration of positive charges near the mutant cysteine catalyzed this hydrolysis, and this trend was observed on several different TDC mutants. It should be noted that these difficult LC-MS experiments were made significantly easier by the homogeneity of the sample, and might not be possible when analyzing a heterogeneous conjugate. Clearly the site of attachment plays a role in the pharmacokinetics of these conjugates, although these experiments do not allow determination of whether the solvent accessibility or the maleimide hydrolysis plays the larger role.

The engineered cysteine method proved rigorous enough to be used for the site-specific ADC SGN-CD33A from Seattle Genetics, Inc., which recently entered a Phase 1 study as a treatment of acute myeloid leukemia (AML). It was constructed using a proprietary engineered cysteine method to attach a dimer of the novel DNA crosslinking drug pyrrolobenzodiazepine.[@R44] The resulting conjugate mixture consisted of approximately 95% antibody with two linked drugs and an average loading of 1.9 drugs per antibody. No pharmacokinetic data has been released to date, but the conjugate showed full xenograft tumor regressions with single doses as low as 0.1 mg/kg.

Antibody drug conjugates via transglutaminase
---------------------------------------------

In addition to the THIOMAB conjugation strategy, other methods for site-specific attachment of drugs have been developed. Strop et al. from Rinat-Pfizer demonstrated a new technique for conjugation using microbial transglutaminase to couple an amine-containing drug to an engineered glutamine on the antibody.[@R45] Transglutaminase is an enzyme that catalyzes bond formation between the acyl group of a glutamine side chain and the primary amine of a lysine side chain.[@R46] Previous experiments by other groups suggested that this method would result in site-specific conjugates. Jeger et al. showed that the enzyme does not modify any of the native glutamine residues in the antibody,[@R47] thus allowing selective modification of glutamine residues incorporated via site-directed mutagenesis. In addition, Ohtsuka et al. demonstrated that microbial transglutaminase could catalyze bond formation using a wide range of amino substrates, provided a four carbon linker separated the amine group from the rest of the molecule.[@R48] The group at Rinat-Pfizer utilized these observations to develop a strategy that efficiently coupled cytotoxic drugs functionalized with a lysine or amino-PEG spacer to glutamine side chain residues ([Fig. 1D](#F1){ref-type="fig"}). They incorporated the short sequence LLQG into 90 locations throughout the antibody, and 12 sites showed high levels of conjugation when exposed to microbial transglutaminase and a suitable amine substrate. Two conjugates were carried forward for analysis in animal models, both utilizing an anti-M1S1 antibody (C16). One contained the extra glutamine sequence at the C-terminus of the light chain (C16-LC) while the other incorporated the glutamine at the C-terminus of the heavy chain (C16-HC). Upon conjugation to AcLys-VC-MMAD (lysine with N-terminal amine acetylated, valine-citrulline protease cleavage site, and monomethyl dolastatin 10) the mutants had a loading of 1.9 (C16-HC) and 1.8 (C16-LC) drugs per antibody out of a maximum of 2.0, and peptide mapping demonstrated that the drugs were attached to the mutant glutamine residues. The resulting peptide bond between the glutamine side chain and lysine of the drug moiety did not have the stability issue found with the cysteine-maleimide conjugates described in the THIOMAB section above. This allowed the effect of the conjugation site on pharmacokinetics to be probed independent of chemical stability.

C16-LC and C16-HC were first compared with a traditional C16 ADC (3.6 drugs per antibody) in vitro. Both conjugates showed IC~50~ values in the 0.050--0.075 nM range for M1S1 overexpressing cell lines BxPC3 and A431, while the traditional C16 ADC showed values in the 0.030--0.040 nM range for the same cell lines. The difference in potency roughly corresponded to the \~2-fold difference in drug loading. Further, the site-specific conjugates showed similar in vivo efficacy to the traditional ADC in a mouse model with BxPC3 xenograft. Treatment with each of the three agents at a single dose of 3 mg/kg conjugate caused significant tumor regression that was stable over the 120 d of the study. Similar to the findings of Junutula et al.,[@R34] these site-specific conjugates showed similar efficacy at equivalent antibody doses, but double the potency when the drug loading was taken into consideration. While similar in mice, C16-LC and C16-HC showed significant pharmacokinetic differences in rats ([Table 1](#T1){ref-type="table"}). The C16-HC conjugate showed a much accelerated rate of clearance in rats as 83% of the antibody was lost from serum 24 h post-injection. In rats, the clearance of the C16-HC conjugate was similar to the anti-Muc1 ADC described by Junutula et al., whereas the C16-LC conjugate showed similar clearance to the anti-Muc1 site-specific THIOMAB drug conjugate. Because the C16-LC and C16-HC conjugates do not utilize maleimide chemistry and therefore do not suffer from the maleimide transfer issues, the marked differences between the two conjugates are likely due to the position of the attached drug. To verify that the C-terminal modification of the heavy chain did not interfere with FcRn interactions, the binding of both conjugates was tested and showed no difference from the respective naked antibodies. However, the C-terminal heavy chain mutation may affect other cellular interactions that impact conjugate clearance. Taken together, these experiments suggest that the placement of the drug on the antibody can have a significant effect on the pharmacokinetics, though the mechanism of this effect is unknown. Further experiments with the drug attached in a wider variety of positions could help elucidate some of these unknowns.

Unnatural amino acids in antibody drug conjugates
-------------------------------------------------

In addition to enzymatic conjugation, orthogonal chemistry conjugation has also been used to site-specifically modify a wide variety of proteins using unnatural amino acids.[@R49]^-^[@R51] One method for inserting unnatural amino acids into proteins uses an evolved tRNA/tRNA synthetase pair that specifically recognizes the unnatural amino acid and incorporates it as the 21st amino acid in place of the amber stop codon.[@R52]^,^[@R53] Recent experiments by Axup et al. demonstrated that this method was viable for producing IgG with unnatural amino acids.[@R54] They chose to introduce *p*-acetylphenylalanine as the unnatural amino acid because it contains a ketone functional group that is not found in any of the 20 natural amino acid side chains. This allows for specific modification of the ketone groups without interference from other amino acids, hence the term orthogonal conjugation. As a proof of concept, *p*-acetylphenylalanine was incorporated into an anti-Her2 IgG1. This was accomplished by first stably integrating the evolved tRNA and corresponding *p*-acetylphenylalanine-tRNA synthetase genes into Chinese hamster ovary cells. The light and heavy chain genes were then incorporated, with the heavy chain bearing a mutation that changed alanine-121 to the amber stop codon recognized by the evolved tRNA. The resulting cells produced over 300 mg/L of the mutant antibody from stable clones, which showed that the yield did not suffer from this technique. The mutant antibody showed similar affinity for its ligand as trastuzumab (Herceptin®), and electrospray ionization mass spectrometry (ESI-MS) of the deglycosylated heavy chain showed the expected mass given the mutation of one alanine to *p*-acetylphenylalanine.

With mutant antibody in hand, a drug containing the appropriate chemical moiety was required to make the desired ADC. Ketone groups can be modified with an alkoxyamine to form an oxime bond that is stable under physiological conditions ([Fig. 1E](#F1){ref-type="fig"}).[@R55]^,^[@R56] Therefore, an auristatin F derivative attached to an oxyamine group using a short polyethylene glycol linker (AF-oxyamine) was synthesized. Similar to the DM1 molecule from ado-trastuzumab emtansine, this drug contained a non-cleavable linker so release of the drug was dependent on lysosomal degradation of the adjoining antibody.[@R32]^,^[@R57] After reaction of AF-oxyamine with the mutant antibody, the resulting conjugate (anti-Her2-IgG-nAF) contained two drugs per antibody, with less than 5% unreacted antibody as detected by ESI-MS. When tested in vitro the conjugate showed excellent potency against various Her2^+^ cell lines with EC~50~ values in the 0.11--0.35 nM range, while showing significantly less potency (\> 40 nM) against MCF-7 cells (Her2^-^). Similarly impressive results were observed in vivo as the conjugate showed nearly full regressions of MDA-MB-435 Her2^+^ xenograft tumors with a single injection at a dose of 5 mg/kg. To evaluate the pharmacokinetics, anti-Her2-IgG-nAF was injected into rats and the serum concentration of antibody was observed over time. The conjugate was indistinguishable from the naked mutant antibody ([Table 1](#T1){ref-type="table"}), thus suggesting that this conjugation method and placement of drug were effective. In addition, the conjugate was incubated in mouse serum at 37°C for 3 d before use in cell toxicity assays and showed nearly identical in vitro potency and selectivity as non-incubated conjugate. No toxicity was observed in Her2^-^ cells for the incubated conjugate, which suggested there was no cleavage of drug from the antibody during incubation. This method provided an additional route for constructing ADCs with precisely two drugs per antibody. In addition, the oxime chemistry resulted in drug-antibody linkages with excellent biological stability.

This work only included pharmacokinetic data for one mutant, so it was not possible to draw any conclusions about the site of drug attachment. However, the unnatural amino acid method is particularly well suited for scanning potential positions of attachment on the antibody. Simple site-directed mutagenesis to incorporate an amber stop codon is all that is necessary to survey new mutants. The importance and potential of this method is illustrated by the number of companies pursuing various technologies for unnatural amino acid incorporation. Ambrx, Inc. (associated with Axup et al.), Allozyne, Inc., and Sutro Biopharma, Inc. are all developing ADC platforms using unnatural amino acids. Questions remain, however, about the potential immunogenicity of unnatural amino acids and their bio-orthogonal linkages. Though no evidence of immunogenicity was reported by Axup et al., further investigation is required to ensure the safety of these compounds.

Conclusion
==========

The methods described in this review have provided three new routes to homogeneous ADCs with two drugs per antibody attached at precise locations. Compared with traditional methods, the site-specific methods showed an improvement in therapeutic index. Since ADC toxicity correlates roughly with the total amount of drug, the antibodies with high drug loading contribute more to toxicity, but are also more rapidly cleared from circulation than the low drug loading antibodies, so they not only contribute more to toxicity but also less to tumor killing efficacy. These site-specific methods eliminate the high drug loading antibodies while also limiting the amount of unconjugated antibody present. In addition, these site-specific methods will allow for further optimization of pharmacokinetic properties based on the site of attachment of the drug. Finally, these methods have proven to be relatively scalable, which makes them viable for clinical exploration.

Although the site-specific ADCs appear to improve upon the non-specific ADCs currently used in the clinic, these conclusions are based on fairly limited preclinical data and require more rigorous testing in clinical trials. Additionally, site-specific ADCs are still in the nascent stage of development. Further improvements are still possible, such as homogeneous conjugates with greater than two drugs per antibody, which could be more potent. While higher drug loading has been correlated with increased rate of clearance and toxicity, those conclusions were drawn from ADCs constructed using non-specific lysine or cysteine modification methods and may not be valid for site-specific ADCs. As the mechanisms for toxicity and ADC clearance are better understood, these site-specific methods can be engineered to produce ADCs with the desired properties. The area of ADCs is rapidly expanding and the contributions of site-specific chemistry will help fuel that expansion.
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